Abstract Previous studies reported that the polycomb group gene Bmi-1 is downregulated in the aging brain. The aim of this study was to investigate whether decreased Bmi-1 expression accelerates brain aging by analyzing the brain phenotype of adult Bmi-1 heterozygous knockout (Bmi-1
Introduction
Aging leads to structural, functional, and metabolic deterioration within many organs and systems. Brain aging plays a leading role in the aging process since the central nervous system is responsible for regulating peripheral organ functions. In this regard, finding therapeutic targets for brain aging not only helps to protect brain functions, but also is conducive to improving the health status of the whole body, thus slowing the aging process (Bishop et al. 2010) .
Bmi-1, a member of polycomb family of transcriptional repressors, has been implicated in controlling cell senescence by repression of p19Arf/MDM2/p53 pathway (Jacobs et al. 1999; Park et al. 2004; Molofsky et al. 2005) . Recent studies have revealed that Bmi-1 has a role in regulating intracellular production of reactive oxygen species (ROS) and antioxidant defenses in various cells (Chatoo et al. 2009; Liu et al. 2009; Rizo et al. 2009; Venkataraman et al. 2010; Abdouh et al. 2012; Nakamura et al. 2012) . Thus, as a common target of the cell cycle arrest and oxidative stress, Bmi-1 may play a key role in the aging process. Bmi-1 gene knockout (Bmi-1 −/− ) in mice results in growth retardation and a premature aging-like phenotype, often leading to death before weaning (van der Lugt et al. 1994; Leung et al. 2004 ). Heterozygous Bmi-1 gene knockout (Bmi-1 +/− ) mice exhibit an early aging-like phenotype characterized by hair loss, lens cataracts, reduced locomotor activity, and decreased lifespan by 35 % compared to wild-type (Bmi-1 +/+ ) mice (Chatoo et al. 2009 ). In the central nervous system, Bmi-1 is expressed in various types of brain cells including neural stem cells, neurons, and astrocytes, indicating its role in brain development and maintenance (Leung et al. 2004; Zencak et al. 2005; Chatoo et al. 2009 ). Our recent study reported that neurodegenerative-like changes such as neuronal apoptosis, synaptic loss, axonal demyelination, and reactive gliosis occur in premature Bmi-1 −/− mice (Cao et al. 2012) . Moreover, it has been shown that Bmi-1 is downregulated in aged human and mouse brains (Abdouh et al. 2012) , suggesting that Bmi-1 is directly involved in the brain aging. However, the exact contribution of decreased Bmi-1 expression to the brain aging process remains unknown.
To address this issue, we examined various brain phenotypes including ROS levels, redox states, and hippocampus-related structures and cognitive functions of an 8-month-old Bmi-1 +/− mice using biochemistry, immunohistochemistry, electron microscopy, and behavioral analyses. The results show that reduced Bmi-1 expression accelerates brain aging process, indicating that Bmi-1 is a potential therapeutic target for brain aging.
Materials and methods

Mice and genotyping
Bmi-1 +/− and Bmi-1 +/+ mice on a C57BL/6 J background were generated as described previously (Zhang et al. 2010) . The male mice were selected for this study and housed for 8 months in ventilated microisolatorstyle caging with ad libitum access to water and food on a 12:12 light/dark cycle. The overall health including body weight, hair, and locomotor activity was examined monthly. All protocols of animal experiments were conducted in accordance with international standards on animal welfare and the guidelines of the Institute for Laboratory Animal Research of Nanjing Medical University. All efforts were made to minimize animal suffering and to reduce the number of animals used.
Measurement of oxidative/antioxidative parameters in brain homogenates
Mice were terminated by decapitation. Brains were quickly dissected out and homogenized in cold medium. The homogenate (10 %) was centrifuged at 4,000×g at 4°C for 10 min and the supernatant was used for biochemical analysis. Protein contents were determined according to the Lowry method (Lowry et al. 1951) . Commercial kits (Nanjing Jiancheng Bioengineering Institute, China) were used to detect hydroxyl radical, malondialdehyde (MDA) levels, reduced glutathione (GSH) levels, total antioxidative capabilities (T-AOC), and total superoxide dismutase (T-SOD) activities in mouse brain. The detailed methods have been described in our previously published report (Lei et al. 2008 ).
Determination of intracellular ROS in brain homogenates
ROS were detected by flow cytometric detection of DCFDA fluorescence (Herrera-Mundo and Sitges 2010; Lugo-Huitrón et al. 2011) . Whole brain homogenates (500 μL) were preincubated in 2 % bovine serum albumin with or without 1 μM H 2 O 2 at 37°C for 30 min, then incubated with 50 μM DCFDA (Invitrogen Carlsbad, CA, USA) in a shaker at 37°C for 30 min. At the end of the incubation process, the cells were washed with phosphate buffered saline (PBS), followed immediately by flow cytometry analysis using BD FACS Calibur (BD Biosciences, San Jose, CA, USA). The fluorescence of negative control was detected on untreated loaded with dye cells maintained in PBS only. Geometric mean was used to calculate the total intensity of DCFDA fluorescence. Results were expressed as a ratio of intracellular ROS levels in Bmi-1 +/− brain cells under basal conditions.
Preparation of brain sections
The mice were anesthetized with sodium pentobarbital and transcardially perfused with 0.9 % saline, followed by 4 % paraformaldehyde (for immunohistochemistry) or 1 % paraformaldehyde plus 1 % glutaraldehyde (for conventional electron microscopy) in phosphate buffer (0.1 M, pH 7.4). The brains were dissected and postfixed overnight at 4°C. For immunohistochemistry, brain tissues were dehydrated in a series of graded ethanol solutions and embedded in paraffin. The serial sagittal sections of the whole brain, or coronal sections of the hippocampus, were cut to thickness of 5 μm. For electron microscopy, 80 μm hippocampus cross-sections were sliced with a vibratome. The CA1 pyramidal cell layer was trimmed, dehydrated, and embedded in Epon 812. Ultrathin sections of 70 nm were obtained, counterstained on copper grids with both uranyl acetate and lead citrate, and examined with a Jeol 1200EX electron microscope (Nippon Denshi, Tokyo, Japan).
Immunohistochemistry
The protocols for immunohistochemistry have previously been described in detail (Hua et al. 2007 ). Briefly, after deparaffinization and rehydration, tissue sections were incubated with mouse monoclonal anti-Bmi-1 antibody (1:500, Mippore, Billerica, MA, USA), or mouse monoclonal antiglial fibrillary acidic protein (GFAP) antibody (1:1500, Sigma-Aldrich, Saint Louis, MO, USA) at 4°C overnight. After rinsing in PBS, the sections were incubated with biotinylated goat anti-mouse or rabbit IgG (1:200) for 1 h at room temperature and visualized using Elite ABC Kit (Vector, Burlingame, CA, USA).
TUNEL staining
Apoptosis of hippocampus neurons was detected by TUNEL assay using the In Situ Cell Death Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany). Briefly, deparaffinized sections were incubated with 20 μg/ml proteinase K for 10 min at room temperature, followed by incubation in a TUNEL reaction mixture containing fluorescein-terminal deoxynucleotidyl transferase and nucleotide mixture in reaction buffer for 60 min at 37°C. After rinsing in PBS and counterstaining with Hoechst 33342, the sections were examined by a digital microscope (Leica Microsystems, Wetzlar, Germany).
Western blotting
Proteins were extracted from the hippocampus and quantified with a kit (Bio-Rad, Mississauga, Ontario, Canada).
Ten micrograms protein samples were fractionated by SDS-PAGE and transferred to nitrocellulose membranes. The membranes were incubated overnight with a mouse monoclonal antibody against Bmi-1 (1:1,000, Millipore), nitrotyrosine (NTS; 1:1,000, Millipore), Bcl-2 (1:1,000, Sigma), p27 (1:1,000, Sigma), p53 (1:1,000, Santa Cruz BioTech, Santa Cruz, CA, USA) or β-tubulin (1:2,000, Santa Cruz), or a rabbit polyclonal antibody against either peroxiredoxin II (Prdx II; 1:500, Santa Cruz) or p19 (1:1,000, Santa Cruz). After rinsing in TBS, the membranes were incubated with goat anti-rabbit or mouse IgG-HRP (1:2,000, Vector) for 1 h at room temperature. The immunocomplexes were visualized using the ECL detection kit (Amersham Pharmacia Biotech, Canada). Membranes were scanned and analyzed using an Omega 16ic Chemiluminescence Imaging System (Ultra-Lum, Claremont, CA, USA). β-tubulin was used as an internal control for protein loading and transfer efficiency.
Quantitative analysis
The hippocampal CA1 area was selected to quantitatively analyze neuronal apoptosis and glial activation. The CA1 pyramidal layer is clearly identified by four to five layers of tightly packed neurons in the superior medial part of the hippocampal formation and its lateral margin is defined by the narrow and loosely organized CA2 zone (de Freitas et al. 2004; Franklin and Paxinos 2008) . TUNEL-positive apoptotic neurons were identified by the presence of green fluorescence in the nucleus. The percentage of apoptotic neurons in the CA1 pyramidal cell layer was calculated. Activated astrocytes were characterized by hypertrophy of the soma and increased expression of GFAP in the processes, respectively. Resting astrocytes presented a small cell body with thin highly branched processes (VanGuilder et al. 2011) . The percentage of activated astrocytes within the CA1 area was calculated. Four individual sections per mouse were averaged to provide a single value for each mouse.
For lipofuscin granule volume analysis, 16 CA1 pyramidal neurons, presenting with a complete nucleus and nucleolus, per animal were randomly selected and photographed at a magnification of 8,000×g allowing for the identification of lipofuscin granules within the cytoplasm. Using a grid replica (0.25 μm 2 per one grille), the number of points that fell on lipofuscin granules were counted within each pyramidal neuron. The volume of lipofuscin granules was calculated according to Pappus's theorem (Mironov and Mironov 1998; Assunção et al. 2011 ).
Statistical analysis
All statistical analyses were performed using SPSS software, version 16.0 (SPSS Inc., USA). Group differences were analyzed with Student's t tests. Data are expressed as mean±SEM. P value less than 0.05 was considered statistically significant.
Results
Bmi-1 protein expression in
The effect of heterozygous knockout of the Bmi-1 gene on Bmi-1 protein expression was examined first. Bmi-1 +/− mice showed significant decreases in immunoreactivity of Bmi-1 throughout the brain regions including hippocampus and cerebral cortex, compared with Bmi-1 +/+ mice (Fig. 1a) . Consistently, Western blot analysis showed that Bmi-1 protein levels in Bmi-1 +/− hippocampus were about half that in the Bmi-1 +/+ control (0.46±0.08 vs. 1±0.11, P=0.0004; Fig. 1b ).
ROS levels in Bmi-1 +/− brain Accumulated intracellular ROS causes oxidative stress damage, which is generally an accepted molecular mechanism of cell senescence (Sohal and Orr 2012) . Recent studies demonstrated that intracellular ROS levels are elevated in various cell types, such as bone marrow cells, splenocytes, thymocytes, hematopoietic stem cells, and neurons obtained from Bmi-1 −/− mice (Chatoo et al. 2009; Liu et al. 2009; Abdouh et al. 2012) . Targeting Bmi-1 by MicroRNA 128a increases intracellular ROS levels, and thus promotes senescence in cultured medulloblastoma cancer cells (Venkataraman et al. 2010 Fig. 2 ). These data suggest that Bmi-1 insufficiency leads to decreased ROS scavenging capability or increased ROS production during oxidative stress. Fig. 3a and b) . In addition, MDA, a lipid peroxidation parameter, was slightly increased (13.79±1.57 vs. 11.2±0.95 U/mg/protein; P=0.2031; Fig. 3c ), while antioxidative parameters including T-SOD (69.46±4.27 vs. 84.03±5.69 U/mg/protein; P=0.0866) and T-AOC (0.79±0.09 vs. 0.96±0.1 U/mg/protein; P=0.2574) were mildly reduced in Bmi-1 +/− brain ( Fig. 3d and e) . Western blot showed that expression level of NTS, an oxidative stress marker (Darwish et al. 2007 ), significantly increased in the Bmi-1 +/− hippocampus (1.65±0.05 vs. 1±0.06; P=0.0002). Interestingly, an antioxidant enzyme Prdx II was also upregulated compared with that in the Bmi-1 +/+ hippocampus (1.42±0.21 vs. 1±0.1; P=0.0014; Fig. 4 ). This finding is consistent with a previous study showing that Prdx II expression is increased in the aged hippocampus, which may contribute to against age-related oxidative damage . Together, these results indicate that slight increase in ROS levels caused by Bmi-1 insufficiency results in mild oxidative stress in adult brain.
Pathological changes in Bmi-1 +/− hippocampus
It is well known that hippocampal neurons are vulnerable to oxidative damage by ROS, displaying cellular apoptosis or senescence (Serrano and Klann 2004) . We addressed the influence of the mild oxidative stress caused by Bmi-1 insufficiency on apoptosis of CA1 pyramidal cells which are responsible for excitatory synaptic transmission of the hippocampal circuitry (Burke and Barnes 2010). Bmi-1 +/− mice showed an increased percentage of TUNEL positive apoptotic neurons in the CA1 pyramidal cell layer (3.24±0. 56 vs. 0.62±0.16 %; P=0.001; Fig. 5a and b) . Lipofuscin deposition and accumulation within the hippocampal neurons, a prominent and stable structural marker of cellular senescence (Terman and Brunk 2006; Assunção et al. 2011) , was quantitatively analyzed to determine the influence of Bmi-1 insufficiency-induced brain oxidative stress. As expected, there were increases in volume of lipofuscin granules in the cytoplasm of CA1 pyramidal neurons of Bmi-1 +/− mice, compared to Bmi-1 +/+ littermates (11.94±1.75 vs. 2.42±0.31 μm 3 ; P=0.0007; Fig. 6a and b) . Apart from neuronal apoptosis and lipofuscin deposition, mild reactive astrogliosis, demonstrating increased glial activation rather than proliferation, is also one of pathological hallmarks of brain aging (Middeldorp and Hol 2011) . Therefore, we observed the activation of GFAP-positive astrocytes in the Bmi-1 +/− hippocampus. The activated astrocytes exhibiting hypertrophic cell bodies and intensely stained processes were observed in the Bmi-1 +/− hippocampus (Fig. 7a) . In contrast, Bmi-1 +/+ hippocampus astrocytes existed in a normal "resting" state with small cell bodies and slim processes. Quantitative analyses of GFAP-positive astrocytes in the hippocampal CA1 area revealed no changes in the total numbers (351.38±19.42 vs. 343.41±17.33; P=0.7103; Fig. 7b ), but higher percentages of activated types in Bmi-1 +/− mice compared to Bmi-1 +/+ mice (19.84±1.58 vs. 3.72±0.41 %; P<0.0001; Fig. 7c ). These results demonstrated that mild reactive gliosis occurred in Bmi-1 +/− hippocampus.
Altered expression of Bmi-1-related proteins in Bmi-1 +/− hippocampus Bmi-1 has been shown to negatively regulate the p19Arf/ MDM2/p53 senescence pathway (Jacobs et al. 1999; Park et al. 2004; Molofsky et al. 2005 ). The oncogene Bcl-2 is shown to suppress p53-mediated apoptosis (Zinkel et al. 2006 (Fig. 8) . This may explain the molecular mechanism for a small proportion of hippocampal neurons undergoing apoptosis in Bmi-1 +/− mice. We also investigated the influence of Bmi-1 insufficiency on spatial learning and memory capabilities of mice by using Morris water maze testing. The results suggest that Bmi-1 +/− mice have mild spatial memory impairment which is a hallmark of the early stages of brain aging (for the detailed methods and results, please see Electronic supplementary material).
In addition, the overall health examine per month revealed that there were no obvious differences in body weight, hair and locomotor activity between Bmi-1 +/− mice and their WT littermates (data not shown). This is consistent with the previous study showing that Bmi-1 +/− mice does not exhibit high death rate and overall aging phenotypes, such as hair loss, lens cataracts, and reduced locomotor activity, until 15 months of age (Chatoo et al. 2009 ).
Discussion
The polycomb group gene Bmi-1 is implicated in both cell cycle regulation and oxidative stress (Molofsky et al. 2005; Liu et al. 2009 ). Bmi-1 deficiency has been shown to cause premature aging and neurodegeneration (van der Lugt et al. 1994; Leung et al. 2004; Cao et al. 2012) . The present study has demonstrated that partial deletion of the Bmi-1 gene causes an early onset of phenotypes associated with brain aging, including mild oxidative stress, neuronal apoptosis, lipofuscin deposition, glial cell activation, and spatial memory impairment. This finding demonstrates the key role of Bmi-1 in the brain aging process. Moreover, consistent with previous in vitro results (Chatoo et al. 2009 ), the present work provides in vivo evidence that decreased Bmi-1 expression causes upregulation of cyclin-dependent kinase inhibitors p19, p27, and p53 and downregulation of anti-apoptotic protein Bcl-2, in turn resulting in hippocampal neuronal apoptosis. Our results also suggest that some compensatory mechanisms, including increased glutathione synthesis, may partially attenuate oxidative damage caused by Bmi-1 insufficiency. Together, these results strongly suggest that Bmi-1 is essential for Oxidative stress plays a key role in the onset and progression of aging and degenerative diseases (Andersen 2004) . Excessive ROS can cause oxidative damage to lipids, proteins, and DNA, thus accelerating cell senescence (Barja 2004) . Several in vitro studies have revealed a close correlation between Bmi-1 expression and intracellular ROS levels (Li et al. 2008; Chatoo et al. 2009; Venkataraman et al. 2010; Dong et al. 2011; Abdouh et al. 2012; Nakamura et al. 2012) . For example, Bmi-1 deficiency in cultured cortical neurons results in abnormally high intracellular ROS and increased sensitivity to oxidative damage induced by 3-nitroproprionic acid (3-NP), an inhibitor of complex II of the mitochondria respiratory. Conversely, Bmi-1 overexpression in cortical neurons dramatically reduces the intracellular ROS in the baseline state and 3-NP-induced oxidative state (Abdouh et al. 2012) . However, the current results show that partial deletion of the Bmi-1 gene does not significantly increase ROS levels in adult brain cells, suggesting a relatively complex influence of Bmi-1 expression on ROS accumulation in vivo. This presumption is based on the results that the levels of reduced GSH and Prdx II significantly increases in Bmi-1 +/− brain when compared to the wildtype control. GSH, a naturally occurring tripeptide, plays an important role in protection against oxidative stress because it not only reacts directly with some ROS, but also acts as a substrate in the GSH peroxidase catalyzed detoxification of H 2 0 2 and organic peroxides (Lushchak 2012) . Prdxs are a family of antioxidant enzymes that are implicated to act as free radical scavengers (Wood et al. 2003) . Prx II is shown to be distinctly expressed by neurons and upregulated in the hippocampus with age (Jin et al. 2005; Kim et al. 2011) . Deficiency of Prx II exacerbates age-related mitochondrial oxidative damage and synaptic plasticity impairment . The above evidence suggests that increased GSH and Prx II may be responsible for partially ameliorating ROS accumulation and oxidative stress in Bmi-1 +/− brain. In addition, there were nonsignificant increases in the lipid peroxidation parameter MDA, but prominent increases in hydroxy radicals, a DNA oxidation index, in an 8-month-old Bmi-1 +/− brain. Consistent with these results, our recent studies on Bmi-1 −/− brains showed that both MDA and hydroxy radical levels increase at 4 weeks after the birth, but only hydroxy radical levels are increased at 2 weeks, as compared to Bmi-1 +/+ controls (Cao et al. 2012 ). These results suggest that DNA is more vulnerable to oxidative damage than lipids, leading to cell senescence or apoptosis due to reduced cell self-repairing ability (Chen et al. 2007 ). The volume of lipofuscin granules in the cytoplasm of CA1 pyramidal neurons was higher in Bmi-1 +/− mice, although MDA in the whole brain was not significantly increased. This is consistent with the notion that the hippocampus is particularly vulnerable to oxidative stress during the aging process (Serrano and Klann 2004) . Moreover, the pathological analysis showed that only about 3 % of pyramidal neurons underwent apoptosis but about 20 % astrocytes were activated in the hippocampus CA1 region of 8-monthold Bmi-1 +/− mice (Fig. 6 ). This corresponds with earlier studies showing that a prominent feature of aged brain is glial cell activation instead of widespread neuronal loss (Mrak et al. 1997) .
It is now clear that astrocytes are responsible for maintaining homeostasis of the central nervous system (Ransom and Ransom 2012) . Astrocytes contain abundant antioxidases, including GSH peroxidase, SOD, and peroxidase and produce many antioxidants, such as GSH and active vitamin E, playing an essential role in preventing the accumulation of ROS and repairing oxidative damage (Wilson 1997) . Mild to moderate reactive astrocytes are able to increase the productions of GSH and neurotrophic factors, and promote the remodeling of neural circuits (Colangelo et al. 2012) . Therefore, mild activation of astrocytes may attenuate Bmi-1 insufficiency-caused oxidative damage in the adult brain.
In summary, the present results have demonstrated that Bmi-1 gene heterozygous knockout contributes to an early onset of brain aging. Combined with the previous phenotypic results (Chatoo et al. 2009 ), the data suggest that Bmi-1 +/− mice may serve as a useful model for exploring the mechanisms of age-mediated oxidative damage in the brain. In order to determine the influence of long-term downregulation of Bmi-1 on brain structure and function, phenotyping of aged Bmi-1 +/− mice will be necessary in future studies. The results will potentially shed light on protection against brain aging and age-related neurodegenerative diseases by targeting the endogenous expression of Bmi-1.
